The isolation from the river Elbe of a bacterium able to use unchlorinated dibenzo-p-dioxin and dibenzofuran as sole sources of carbon and energy was reported by Wittich et al. (42) . This strain, Sphingomonas sp. strain RW1, is also able to metabolize some mono-and dichlorinated congeners (40) . The degradative pathways for the unchlorinated compounds in this bacterium have been elucidated, and several key enzymes have been purified, such as a three-component initial dioxygenase (8) , an extradiol dioxygenase (18) , and two hydrolases (9) . The initial step of the degradation of dibenzofuran and dioxin, a stereospecific angular dioxygenation of one of the aromatic rings, is carried out by dioxin dioxygenase acting with a specific reductase and an electron carrier. This initial reaction leads to the formation of cyclic hemiacetals, which spontaneously cleave to yield 2,2Ј,3-trihydroxybiphenyl for dibenzofuran and 2,2Ј,3-trihydroxydiphenyl ether for dibenzo-p-dioxin. The hydroxylated rings of these two molecules are then meta cleaved by extradiol dioxygenase activity to produce 2-hydroxy-6-oxo-6-(2-hydroxyphenyl)hexa-2,4-dienoic acid and 6-(2-hydroxyphenoxy)-2-hydroxy-muconic acid, respectively. The first compound is further converted by a hydrolase to 2-hydroxypenta-2,4-dienoic acid and salicylic acid, which is subsequently converted to gentisic acid, whereas the second compound is hydrolyzed to catechol and 2-hydroxymuconic acid. The next steps of the pathway concerning the conversion of catechol to Krebs cycle intermediates are thought to proceed through a typical meta cleavage pathway.
Sphingomonas sp. strain RW1 is also able to utilize several hydroxylated dibenzo-p-dioxins and dibenzofurans as sole carbon sources. However, the corresponding pathways have not yet been analyzed. We have recently cloned and characterized the cistrons encoding the heteromeric dioxin dioxygenase, dxnA1A2, by means of a PCR-based strategy (3), as well as those encoding a ferredoxin (6) and a reductase (7) , which have been shown in vitro to interact with the dioxin dioxygenase. The dxnA1A2 cistrons are located on cosmid pAJ114, a member of a Sphingomonas sp. strain RW1 pLAFR3-based cosmid library. Here, we report the analysis of a 9,997-bp HindIII fragment located downstream of the dxnA1A2 cistrons and carrying 10 open reading frames (ORFs) apparently organized in a operon. Their predicted amino acid sequences were compared with the sequences of other degradative enzymes. The activities of some of the encoded proteins were analyzed in Escherichia coli and also in the Sphingomonas sp. strain RW1 wild type. This led to the identification of a pathway for the breakdown of 3-hydroxydibenzofuran via 4-hydroxysalicylate and hydroxyquinol, whereas the degradative pathway in Sphingomonas sp. strain RW1 for 2-hydroxydibenzo-p-dioxin is directly channeled in this converging route from the hydroxyquinol step.
overnight-grown cultures as described by the supplier. Primers designed on the basis of the known sequence were synthesized on an Applied Biosystem model 381A DNA synthesizer, desalted, and used without further purification in a walking-sequencing procedure. DNA sequencing was performed on doublestranded templates in the presence of 5% dimethyl sulfoxide, with an Applied Biosystem DNA sequencing kit based on Taq DNA polymerase-initiated cycle sequencing reactions with fluorescence-labeled dideoxynucleotide terminators. Samples were processed on a model 373 Stretch Applied Biosystem automated sequencer. Sequence analysis and phylogenetic unrooted tree drawing were done essentially as previously described (7) . Analysis of the transmembrane topology of DxnC was carried out using the resources from the Swiss Institute for Experimental Cancer Research (20a) .
DNA manipulations and construction of expressing plasmids. Plasmid and cosmid DNA isolation procedures were carried out with Qiagen kits, as recommended by the supplier. DNA manipulations such as subcloning, digestion, ligation, and transformation were performed according to standard procedures (29) . PCR conditions were similar to those described by Armengaud et al. (2, 4) , except that vent polymerase from New England Biolabs was used in order to minimize nucleotide misincorporation during the synthesis. The cloning of the dxnD, dxnE, dxnF, dxnGH, and dxnI genes in vector pET9a was carried out mainly as described previously for fdx1 (6 Table 1 . The expected fragments were cloned into pCR-Script SK(ϩ) vector (Stratagene), thereby generating plasmids pAJ122, pAJ140, pAJ124, pAJ142, and pAJ144, respectively. The inserts were sequenced in order to check the integrity of the nucleotide information and then subcloned into plasmid pET9a, to produce expression plasmids pAJ123, pAJ141, pAJ125, pAJ143, and pAJ145, respectively.
Enzyme assays and analytical methods. The products of genes dxnD, dxnE, dxnF, dxnGH, and dxnI were hyperexpressed in bacteria of derivatives of E. coli BL21(DE3)(pLysS) carrying the above expression plasmids, under conditions similar to those described by Armengaud et al. (4) . Cell extracts were prepared by disruption of biomass samples with a French press (pressure, 10,000 lb/in 2 ) and centrifugation at 10,000 ϫ g. Standard analytical procedures, such as determination of protein concentration and sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), were performed as described previously (5) . Photometric measurements were carried out with a UV-visible recording spectrophotometer (UV-2100; Shimadzu), equipped with a CPS temperature controller. Monooxygenase and catechol 1,2-dioxygenase activities were measured as oxygen uptake with an oxygen electrode (Bachofer), as described by Happe et al. (18) . Activities of degradative enzymes were also determined spectrophotometrically according to the method of Wittich et al. (42) . Maleylacetate reductase, 4-hydroxysalicylate hydroxylase, and hydroxyquinol 1,2-dioxygenase activities were assayed according to the methods of Seibert et al. (33) , Stolz and Knackmuss (34), and Latus et al. (22) , respectively. Substrate-dependent oxidation of NADH was used to monitor monooxygenase activities. The initial rate of oxidation of NADH was determined by recording the decrease in A 340 , using an ε 340 of 6,220 M Ϫ1 ⅐ cm
Ϫ1
. Reactions were performed in 1.0-ml quartz cuvettes with a 1-cm light path. Activities were assayed at 25°C by adding 10 l of 100 mM substrate to 0.49 ml of 100 mM sodium phosphate buffer at pH 8.0, containing 0.2 mM NADH, 0.1 mM FAD, and various cell extract quantities. Values were corrected for oxidation of NADH in the absence of substrate, and activities were expressed in units defined as the amount of enzyme that catalyzes the oxidation of 1 mol of NADH per min. The 3-oxoadipate succinyl coenzyme A (succinylCoA) transferase activity was first assayed as described by Yeh and Ornston (44) . The 0.5-ml enzyme assay mixture contained 50 mM Tris-HCl buffer at pH 7.3, 2 mM 3-oxoadipate, 0.1 mM succinyl-CoA, and cell extract. Samples were taken at intervals of 10 min and assayed directly or stopped by addition of an equal amount of ice-cold methanol and chilling on ice until analysis. The transferase activity was subsequently assayed by direct quantification of substrate decrease and product formation, according to a modified method described previously by Corkey et al. (11) . The latter procedure involved measurement of individual compounds by reversed-phase high-performance liquid chromatography (HPLC) (Merck-Hitachi chromatograph system). Separations were achieved on an analytical SC column (125 by 4.6 mm; Lichrospher 100 RP8 5.0 m [granulometry of the resin inside the column]; Lichrospher, Bischof, Germany) by elution with 50 mM potassium phosphate, buffered at pH 5.3, in water containing 5% methanol (vol/vol) at a flow rate of 1 ml per min. The column effluent was monitored by measuring the absorption at 260 nm, which corresponds to the UV maxima of CoA, succinyl-CoA, 3-oxodipyl-CoA, and acetyl-CoA. The molecular extinction coefficient of all these compounds is identical, due to the shared chromophore. Retention times for CoA, succinyl-CoA, 3-oxoadipyl-CoA, and acetyl-CoA (all purchased from Sigma) were 11.4, 16.5, 19.7, and 38 min, respectively. Further investigations were carried out by HPLC-mass spectrometry (MS) with a Hewlett-Packard HPLC system interfaced to a Perkin-Elmer electrospray ionization mass spectrometer. After injection, the sample was eluted with a 20-min linear gradient from 0 to 20% acetonitrile in 10 mM ammonium acetate buffer, pH 6.7.
Nucleotide sequence accession number. The nucleotide sequence described in this article is deposited in the EMBL/DDBJ/GenBank database under accession no. X72850, which corresponds to an update of the sequence described by Happe et al. (18) and previously updated by Armengaud et al. (3) .
RESULTS
Subcloning strategy and sequence of the cluster. A map showing relevant restriction enzyme sites of the 9,997-bp HindIII fragment of cosmid pAJ114 was constructed (Fig. 1) . In order to rapidly identify the genes located on this fragment, we subcloned into pBluescript II KS(ϩ) various fragments generated by digestion of cosmid pAJ114 with the single restriction endonucleases BamHI, PstI, NsiI, and HindIII, as indicated in Fig. 1 , and sequenced them partially by using universal primers. This strategy, developed previously for complex sequencing projects (10), allowed us to identify several genes of interest along the 10-kb fragment downstream of dxnA1A2. We completed the nucleotide sequencing by a walking strategy with oligonucleotides priming the determined sequences. Relevant subclones constructed for this purpose are shown in Fig. 1 . The nucleotide sequence of the HindIII fragment revealed the presence of 10 ORFs, all in the same orientation. Since no obvious transcription terminator was detected in the sequence, the ORFs may be part of the same transcription unit. The 5Ј upstream region of this gene cluster contains the dxnA1A2 cistrons encoding the two subunits of the dioxin dioxygenase, as well as the dxnB gene, which specifies the hydrolase involved in the third step of the dibenzofuran/ dibenzo-p-dioxin pathway. The downstream ORFs (ORFD1 to ORFD10) were therefore designated dxnC-dxnI. All of the ORFs identified by computer analysis start with the canonical ATG start codon sequence and are preceded by a putative Shine-Dalgarno sequence located 4 to 10 bp upstream of the methionine initiation codon. The GϩC content of these cistrons ranged from 49% for fdx3 to 59% for dxnF, values significantly differing from GϩC contents (62 to 67%) found for genomes of Sphingomonas species (43), except for dxnI and dxnE, which exhibit a 62% GϩC content. This indicates that some or all of these genes might have been acquired from another organism. dxnC codes for a putative receptor protein. A partial ORF was detected spanning nucleotides 1 to 1,686 (nucleotides 12,028 to 13,923 in the sequence X72850). This nucleotide sequence corresponds to the 3Ј end of dxnC ( Fig. 1) , previously identified downstream of dxnA1A2 (3) . Comparison of the deduced sequence of this 66,917-Da polypeptide with protein sequences in the EMBL/DDBJ/GenBank and SwissProt databases revealed only minute similarities with restricted portions of some bacterial siderophore receptors (15, 28) . Four potential transmembrane helices were found in DxnC. The dxnC gene is followed by a possible ORF, ORFD2, spanning nucleotides 13,992 to 14,444, whose deduced polypeptide sequence does not show any similarities with known protein sequences.
Identification of a new putative ferredoxin gene. ORFD3, which spans nucleotides 14,621 to 14,941, encodes a putative 106-amino-acid polypeptide whose sequence presents 65% identity with small electron carriers ( Table 2 ) and contains 5 cysteinyl residues, four of which are arranged in a pattern (Cys-X 5 -Cys-X 2 -Cys-X n -Cys) typical of putidaredoxin-type [2Fe-2S] cluster ligands (Fig. 2) . A homology search using the Blitz software facilities offered by the European BioInformatics Institute revealed the highest similarity scores with Fdx1, another ferredoxin of RW1, which was recently genetically and biochemically characterized (6) , and putidaredoxin, a ferredoxin acting with a monooxygenase involved in the hydroxylation of camphor (27) . The comparison of Fdx1 and ORFD3 sequences suggested that these two proteins are isoferredoxins, probably derived from a common ancestor. Fdx1 was shown to be able to donate electrons to the dioxin dioxygenase (8) and thus is considered to be the in vivo electron donor of this enzyme. We have also identified another gene (ORFG3) encoding a ferredoxin (Fdx2) in the same organism (3), but the corresponding protein should differ significantly from Fdx1 and this new putative ferredoxin, as its sequence contains the typical signature of a Rieske-type [2Fe-2S] cluster. We therefore designated this third putative ferredoxin gene fdx3. Further biochemical studies will be necessary to demonstrate the presence of Fdx3 in RW1 cells and to define its function.
dxnD specifies a 4-hydroxysalicylate hydroxylase. The 572-amino-acid protein specified by dxnD shows not high but significant similarity over the whole sequence with a 2-hydroxybiphenyl 3-monooxygenase characterized recently (30, 35) and some weak similarity to monooxygenases involved in the degradation of phenolic compounds (E.C. 1.14.13.7), with no more than 28% of the residues being conserved in the best case (Table 2 ). In order to assess the functional role of the DxnD putative monooxygenase, a hyperexpression system for its gene was constructed, and the activity of the gene product with various substrates was tested. The dxnD gene was cloned into plasmid pET9a, downstream of the 10 promoter, which is strongly induced by IPTG (isopropyl-␤-D-thiogalactopyranoside) in the E. coli strain BL21(DE3)(pLysS). Induced recom- binant bacteria containing plasmid pAJ123 hyperproduced the expected 70-kDa polypeptide (Fig. 3, lane 2) . Cell extracts obtained by French press disruption were assayed for NADH oxidation with various aromatic compounds, such as phenol, 2-hydroxybiphenyl, 2,2Ј-dihydroxybiphenyl, 2,3-dihydroxybiphenyl, 4-hydroxybenzoate, salicylate, and 4-hydroxysalicylate, a possible precursor of hydroxyquinol as discussed below. No detectable activity was found with these compounds, except with 4-hydroxysalicylate; in the presence of this compound NADH was oxidized with a specific activity of 44 nmol/min/mg (Table 3) , and the compound was identified as a growth substrate for RW1.
DxnE is a functional maleylacetate reductase. The sequence of the putative protein encoded by the fifth ORF is similar to the sequences of several (chloro)maleylacetate reductases, with similarities reaching 55% for TcbF from Pseudomonas sp. strain P51 (Table 2) . Such proteins are involved in ortho cleavage pathways for the degradation of chlorocatechols produced from various chloroaromatics (24) , more specifically in the NADH-dependent conversion of (chloro)maleylacetate, formed from (chloro)catechol by (chloro)catechol 1,2-dioxygenase and subsequent enzyme activities, to furnish (chloro)-3-oxoadipate (in the case of halomaleylacetate, two successive reactions are needed to yield the corresponding 3-oxoadipate [21] ).
To determine whether ORF3 encodes a functional maleylacetate reductase, dxnE was hyperexpressed as a 38-kDa polypeptide from plasmid pAJ141 (Fig. 3, lane 4) . A maleylacetate reduction activity of 399 nmol/min/mg was measured in bacteria carrying this expression system, which confirmed the function of DxnE (Table 3) .
DxnF is a hydroxyquinol 1,2-dioxygenase. The 299-aminoacid polypeptide specified by dxnF shows significant amino acid identity with several chlorocatechol and catechol 1,2-dioxygenases that are involved in the metabolism of chlorinated or nonchlorinated aromatics (Table 2 ). More detailed sequence comparison revealed that the dxnF-specified polypeptide exhibited the highest similarities with hydroxyquinol 1,2-dioxygenases (Fig. 4) . Cells of E. coli BL21(DE3)(pLysS)(pAJ125), when induced with IPTG, hyperproduced a 33-kDa polypeptide (Fig. 3, lane 1) , whose molecular mass closely matched the predicted molecular mass of the dxnF gene product (33.1 kDa). Cell extracts prepared from these bacteria exhibited high ring cleavage activity for hydroxyquinol (4-hydroxycatechol, 600 nmol/min/mg) and lower activity for catechol (270 nmol/min/ mg). Cistrons dxnGH code for the two subunits of a 3-oxoadipate succinyl-CoA transferase. Translation of ORF7 and ORF8 predicts protein products of 26 and 23 kDa, respectively (Table 2). The deduced amino acid sequences of these two ORFs, named dxnG and dxnH, respectively, were found to be 43 to 60% identical to the two subunits of the 3-oxoadipate succinyl-CoA transferase which carries out the penultimate step of the so-called 3-oxoadipate pathway of Bacillus subtilis (45) and Pseudomonas putida (25) . This enzyme converts 3-oxoadipate, an intermediate produced during degradation of protocatechuate and catechol, to 3-oxoadipyl-CoA, which is further transformed upon thiolase activity to succinyl-CoA and acetyl-CoA. Coexpression of the two cistrons was carried out in E. coli BL21(DE3)(pLysS)(pAJ143) cells. SDS-PAGE analysis revealed the production of 25-kDa polypeptides, which may correspond to the two expected polypeptides (Fig. 3, lane 5) . Cell extracts prepared from induced cells converted 3-oxoadipate to 3-oxoadipyl-CoA with a specific activity of 8.1 nmol/ min/mg, calculated upon HPLC-based analysis of the transformation of oxoadipate to oxoadipyl-CoA. The structure of the latter compound was confirmed by HPLC-MS analysis. The mass 910.6 atomic mass units (MH ϩ ) was found in the appro- FIG. 3 . SDS-PAGE analysis of the hyperexpression products of dxnD, dxnE, dxnF, dxnGH, and dxnI. E. coli cells were treated with lysis buffer and subjected to electrophoresis on a 10% (left gel) or 15% (right gel) glycine polyacrylamide gel, and the gels were subsequently stained with Coomassie blue. Protein standards (lysozyme 14.4 kDa; trypsin inhibitor, 21.5 kDa; carbonic anhydrase, 31 kDa; ovalbumin, 45 kDa; serum albumin, 66.2 kDa; and phosphorylase B, 97.4 kDa) (lanes M) and induced whole cells of E. coli BL21(DE3)(pLysS) containing plasmids pAJ125, pAJ123, pAJ111, pAJ141, pAJ143, and pAJ145 (lanes 2 to 6, respectively) were loaded on the gels. Construct pAJ111, designed for the hyperexpression of reductase RedA2 from RW1 (25) , was used as a control. The hyperproduced polypeptides are indicated by arrows: DxnF (f), DxnD (d), RedA2 (r), DxnE (e), DxnG (g), and DxnH (h).
priate peak as well as in scanning of the whole separation in the single ion monitoring mode of the Perkin-Elmer mass spectrometer. The predominant base peak at 258.5 atomic mass units was also found in the scans of the peaks originating from reduced CoA and succinyl-CoA.
dxnI specifies a thiolase. The penultimate ORF identified in the HindIII fragment encodes a protein of 394 amino acids, with a calculated molecular mass of 42 kDa ( Table 2 ). The sequence of the corresponding polypeptide is closely related to the sequences of acetyl-CoA acetyltransferases, also known as thiolases. These enzymes play a key role in bacterial metabolism. They control the flow of carbon by catalyzing the condensation of two molecules of acetyl-CoA to produce acetoacetyl-CoA (anabolic thiolases [26] ) or the disruption of 3-oxoadipyl-CoA into succinyl-CoA and acetyl-CoA (catabolic thiolases [14, 20] ). Attempts to express this gene by using the plasmid pAJ145 did not result in the production of the expected polypeptide (Fig. 3, lane 6 ).
ORFD10 encodes a putative transposase. Downstream of dxnI and extending to the end of the sequenced fragment, is a partial ORF 210 codons long. The polypeptide sequence of this ORF exhibits some marked similarities with several transposases (Table 2) , with the highest score (61% of identical residues) being recorded for a transposase from Rhizobium meliloti (39) . The presence of such a gene within the dxn locus suggests that at least part of the dioxin catabolic pathway may be located on a transposable element. RW1 readily loses its capacity to grow on dibenzofuran and dibenzo-p-dioxin as sole sources of carbon during several subcultures in rich medium, which indicates that at least some of the genes involved in this catabolism are encoded by an unstable genetic element. A stable strain, a derivative of RW1, was isolated and shown to stably retain the catabolic capacity (27a). It will be interesting to analyze the transposase gene and its target sequences in this stable strain.
RW1 is able to grow on hydroxyquinol and 4-hydroxysalicylate as sole sources of carbon. As hydroxyquinol is toxic for RW1, growth of the strain on this substrate was tested on minimal medium plates within a substrate gradient. Incubation at 30°C for 4 days produced visible colonies of RW1 in the tolerable substrate concentration zone. RW1 was also able to grow on 4-hydroxysalicylate as the sole energy and carbon source, with a generation time of approximately 12 h. Furthermore, RW1 could be grown on minimal medium plates within a substrate gradient of 2-hydroxydibenzo-p-dioxin and 3-hydroxydibenzofuran as sole carbon and energy sources. Some growth in liquid culture was achieved only in fed-batch experiments due to the toxicity of these substrates at concentrations above 0.2 mM. Higher activities of transformation of 4-hydroxysalicylate, hydroxyquinol, and maleylacetate were measured for cells grown on 4-hydroxysalicylate than for cells grown on dibenzofuran. The specific activities, however, were higher when dibenzofuran-grown cells were collected at an early growth phase rather than in a later stage (Table 3 ). For cells pregrown on dibenzofuran (to an A 600 of about 0.3) and with the subsequent addition of 0.1 mM 3-hydroxydibenzofuran as a potential inducer over a period of up to 3 h prior to collection (A 600 of 0.5) and workup, no further increase of activities was noticed.
DISCUSSION
Several bacterial strains able to degrade diaryl ethers have been isolated during the last few years, mostly belonging to the new genus Sphingomonas (16, 19, 31, 32, 42) which was established by Yabuuchi et al. (43) . Among them, Sphingomonas sp. strain RW1 is physiologically, biochemically, and genetically the best characterized (1, 3, 6-9, 18, 23, 40, 42) . The recent cloning of the genes specifying the dioxin dioxygenase and its electron transport system will open new perspectives: a more complete description of the genetics, biochemistry, and regulation of the different proteins involved in the catabolism of diaryl ethers is an essential basis needed for the development of rational strategies to improve the limited catabolic activities of RW1 (40) toward the breakdown and mineralization of more highly chlorinated derivatives, which represent environmentally critical pollutants.
Genes specifying the biodegradation of aromatic compounds are usually clustered on the same genomic locus. They may be well organized and divided into two parts, namely, (i) an upstream segment, involving the initial steps of the pathway, leading to the ring cleavage substrate catechol or its chlorinated derivatives, and (ii) a downstream (in the pathway and on the genetic level) segment, dedicated to the channeling of the ring cleavage substrate towards Krebs cycle intermediates. Such a genetic organization was not, however, found for the dioxin/dibenzofuran pathway of RW1, whose degradative genes were found to be scattered over the chromosome (3) . Other genes specifying yet-uncharacterized polypeptides exhibiting sequence homology to various catabolic enzymes are loosely clustered with the genes for dioxin/dibenzofuran degradation (3, 6) . It was therefore of interest to further characterize the dxnA1A2 locus. Sequencing the 8.9-kb region upstream of dxnA1 revealed no relevant information, except for the presence of divergently transcribed dbfB, a meta cleavage enzyme involved in the dibenzofuran pathway (3). We therefore focused our attention on the region downstream of dxnA1A2 and sequenced a 10-kb HindIII fragment carrying this region. Ten ORFs were identified on this fragment, each of which is located only a few nucleotides downstream of the previous one, suggesting that they may be cotranscribed. Consistent with this possibility was the lack within the fragment of an obvious stable stem-loop structure able to act as a transcription terminator. The function of the products of each ORF was tentatively deduced from sequence comparisons with known catabolic enzymes and, in some cases, by enzymatic assays of cell extracts containing cloned and hyperexpressed gene products. Unlike the situation with the other ORFs within the gene cluster, analysis of the sequence of the first two ORFs did not point to any obvious function for the corresponding individual polypeptides. The putative amino acid sequence of the protein specified by dxnC showed minor, but significant similarity with those of ferric iron-siderophore receptor proteins found in diverse bacteria (15, 28) , which raises the possibility that it might be involved in substrate uptake of polar compounds or sensing in FIG. 4 . Phylogenetic tree obtained by alignment of DxnF with related dioxygenases. The sequences were compiled by using the software mentioned in the legend to Fig. 2 ; the multiple alignment analysis was performed with the Phylips package programs. The phylogenetic unrooted tree was drawn by using TreeView. The horizontal bar indicates the percent divergence (distance). The numbers on some of the branches refer to the confidence (percent) estimated by bootstrap analysis (100 replications). The proteins are labeled by trivial abbreviations. Their accession codes in the GenBank/EMBL/DDBJ databases and their origins are as follows: D86544 for hydroxyquinol 1,2-dioxygenase from Ralstonia pickettii strain DTP0602 (HadC-DTP0602), U19883 for hydroxyquinol 1,2-dioxygenase from B. cepacia AC1100 (TftH-AC1100), AF003948 for chlorocatechol 1,2-dioxygenase from Rhodococcus opacus 1CP (ClcA-1CP), AF044314 for chlorocatechol 1,2-dioxygenase from Variovorax paradoxus TV1 (TfdC-TV1), U32188 for the so-called 3,5-dichlorocatechol 1,2-dioxygenase from P. putida EST4011 (TfdC-EST4011), M57629 for chlorocatechol 1,2-dioxygenase II from Pseudomonas sp. strain P51 (TcbC-P51), M35097 for chlorocatechol 1,2-dioxygenase I from plasmid pJP4 of Ralstonia eutropha JMP134 (TfdC-pJP4), M36279 for chlorocatechol 1,2-dioxygenase II from plasmid pJP4 of R. eutropha JMP134 (TfdCII-pJP4), M16964 for chlorocatechol 1,2-dioxygenase from plasmid pAC27 (ClcA-pAC27), AJ006307 for chlorocatechol 1,2-dioxygenase from Ralstonia sp. strain JS705 (ClcA-JS705), D16356 for the so-called 3,5-dichlorocatechol 1,2-dioxygenase from B. cepacia CSV90 (TfdC-CSV90), AF003947 for the ␣-subunit of protocatechuate 3,4-dioxygenase from R. opacus 1CP (PcaG-1CP), P15110 for the ␤-subunit of protocatechuate 3,4-dioxygenase from B. cepacia (PcxB-cepacia), L14836 for the ␤-subunit of protocatechuate 3,4-dioxygenase from P. putida (PcaH-putida), L23213 for the ␣-subunit of protocatechuate 3,4-dioxygenase from P. putida (PcaG-putida), L05770 for the ␤-subunit of protocatechuate 3,4-dioxygenase from Acinetobacter sp. ADP1 (PcaH-ADP1), P20372 for the ␤-subunit of protocatechuate 3,4-dioxygenase from Acinetobacter calcoaceticus (PcaHacine), X99622 for the dioxygenase-like enzyme from R. opacus (Dle-1CP), U77658 for catechol 1,2-dioxygenase I from Acinetobacter lwoffii K24 (CatA1-K24), Z36909 for catechol 1,2-dioxygenase from A. calcoaceticus NCIB8250 (ORF7-NCBI8250), U77659 for catechol 1,2-dioxygenase II from Acinetobacter lwoffii K24 (CatA2-K24), P07773 for catechol 1,2-dioxygenase from A. calcoaceticus BD413 (CatA-BD413), U12557 for catechol 1,2-dioxygenase from P. putida PRS1 (CatA-PRS1), D37783 for catechol 1,2-dioxygenase from P. putida C-1 (CatA-C1), D37782 for catechol 1,2-dioxygenase from P. putida mt2 (CatA-mt2), P31019 for catechol 1,2-dioxygenase from Pseudomonas sp. strain EST1001 (PheB-EST1001), M57500 for catechol 1,2-dioxygenase from plasmid pEST1226 of Pseudomonas sp. strain EST1001 (PheBpEST1226), M94318 for catechol 1,2-dioxygenase from Arthrobacter sp. strain mA3 (CatA-mA3), X99622 for catechol 1,2-dioxygenase from R. opacus (CatA-1CP), D83237 for catechol 1,2-dioxygenase from R. erythropolis AN-13 (CatA-AN13), and AF043741 for catechol 1,2-dioxygenase from Rhodococcus rhodochrous NCIMB 13259 (CatA-NCIMB13259).
the context of chemotaxis (3-hydroxysalicylate iron chelator versus 4-hydroxysalicylate transporter). Diaryl ethers such as dioxins and dibenzofurans are thought to diffuse freely through the bacterial membrane, and no system of specific uptake of these, or similar, compounds has so far been reported. Other genes of unknown function encoding membrane proteins are sometimes clustered with degradative genes, such as todX, which is associated with the toluene degradation pathway of P. putida F1 (37) . Inactivation of dxnC in RW1 and analysis of the phenotype of the resulting mutant may provide information on the function of DxnC.
Another gene, namely, dxnD, codes for a putative monooxygenase exhibiting weak similarities (11 to 28%) with phenoland 2-hydroxybiphenyl monooxygenases. The latter enzyme isolated from Pseudomonas azelaica HPB1 (30, 35) is active against 2-hydroxybiphenyl, a widely used fungicide, and 2,2Ј-dihydroxybiphenyl, forming 2,3-dihydroxybiphenyl and 2,2Ј,3-trihydroxybiphenyl, respectively, which are also produced during metabolism of biphenyl and dibenzofuran, respectively. The dxnD product was shown here to exhibit NADH oxidation activity with 4-hydroxysalicylate as the substrate, but no activity was detectable with salicylate. The transformation product of 4-hydroxysalicylate could not be clearly identified but is presumed to be hydroxyquinol. The latter compound is known as a highly unstable chemical (34) and therefore may not accumulate due to the relatively low transformation rate of its precursor.
In this report, we have provided strong evidence for a 4-hydroxysalicylate/hydroxyquinol degradative pathway in RW1. Hydroxyquinol, the putative product of the decarboxylating monooxygenation of 4-hydroxysalicylate by DxnD, is cleaved by DxnF dioxygenase to 3-hydroxy-cis,cis-muconate (maleylacetate), which is then reduced by the DxnE maleylacetate reductase to 3-oxoadipate. We showed that this compound is then converted by DxnGH to 3-oxoadipyl-CoA, which is probably further transformed by DxnI to succinyl-CoA and acetylCoA (Fig. 5) . A similar pathway was identified in Burkholderia cepacia AC1100 as the lower pathway of 2,4,5-trichlorophenoxyacetic acid catabolism (12, 13, 46) and is thought to be active in pentachlorophenol catabolism (17, 36) .
The fact that the dxnEFGHI genes, specifying the hydroxyquinol pathway, are located just downstream of the dxnA1A2B locus, which encodes the upper degradative pathway for dibenzo-p-dioxin and dibenzofuran, is probably not fortuitous and raises the question of the possible role of hydroxyquinol as a central intermediate in the degradation of derivatives of such bicyclic compounds. Such a possible role has been already evocated by Seibert et al. (33) , concerning the degradation of 2,7-dichlorodibenzo-p-dioxin by the basidiomycete Phanerochaete chrysosporium. As suggested in Fig. 5 , hydroxyquinol may arise in RW1 by dioxygenation of 2-hydroxydibenzo-pdioxin, followed by meta cleavage, and subsequent hydrolysis of the formed ester, or through decarboxylating monooxygenation by DxnD of 4-hydroxysalicylate, itself a possible product of the angular dioxygenation of 3-hydroxydibenzofuran, followed by ring cleavage and hydrolysis. The latter compound has been shown to be converted by another microorganism, Sphingomonas sp. strain HH69 (19) , to 4-hydroxysalicylate and salicylate, which were found in this case as major metabolites. Complete degradation of 3-hydroxydibenzofuran and 2-hydroxydibenzo-p-dioxin by RW1 would require the action of the upper dioxin and dibenzofuran pathways and the 4-hydroxysalicylate/hydroxyquinol degradative pathway. This is reflected at the genetic level by a clustering of the genes specifying these activities. Expression of the two pathways is not necessarily coregulated, if at all, as the hydroxyquinol pathway is not FIG. 5 . Proposed converging pathways for the degradation of 3-hydroxydibenzofuran and 2-hydroxydibenzo-p-dioxin through 4-hydroxysalicylate and hydroxyquinol in Sphingomonas sp. strain RW1. The unstable compounds (hemiacetals) formed by angular dioxygenation by DnxA1A2, which spontaneously decay, are not indicated in order to simplify the pathway. The double-arrows indicate the position of possible dioxygenolytic attack by the initial dioxin dioxygenase. Chemical designations: I, 3-hydroxydibenzofuran; II, 2,2Ј,3,4Ј-tetrahydroxybiphenyl; III, 2-hydroxy-6-oxo-6-(2,4-dihydroxyphenyl)-hexa-2,4-dienoic acid; IV, 2-hydroxypenta-2,4-dienoic acid; V, 2-hydroxydibenzo-p-dioxin; VI, 2,2Ј,3,5Ј-tetrahydroxydiphenyl ether; VII, 6-(2,5-dihydroxyphenyl)-ester of 2-hydroxy-cis,cis-muconic acid; VIII, 2-hydroxy-cis,cis-muconic acid; IX, 4-hydroxysalicylic acid; X, hydroxyquinol; XI, 3-hydroxy-cis,cis-muconic acid (maleylacetic acid); XII, 3-oxoadipic acid (and its enol); XIII, 3-oxoadipyl-CoA. required for dibenzo-p-dioxin and dibenzofuran degradation. We observed that the activities of the enzymes of this lower pathway are quite low in cells grown on dibenzofuran but slightly higher if cells are collected at an early growth phase. This correlates well with high expression of the dioxin dioxygenase system in the exponential growth phase with salicylate as the substrate (8) . Growth with crystalline dibenzofuran is only exponential at a very early growth phase and then linear, due to the reduced bioavailability of the substrate (41) . In addition, no increase of the level of these activities was noticed when 3-hydroxydibenzofuran was added to cells growing on dibenzofuran. The relatively high enzyme activities during growth of Sphingomonas sp. strain RW1 on 4-hydroxysalicylate ( Table 3 ) are obviously mainly due to the exponential growth, which, in fact, is only linear on dibenzofuran because of the relatively low bioavailability as mentioned above. Therefore, these data tend to indicate that expression of the two pathways may be coregulated, although any regulatory elements such as transcriptional activators have been identified on the 40.1 kb of genomic sequence available from RW1 (3) and on a 10.7-kb fragment of Sphingomonas sp. strain RW5 (38) harboring a gentisate degradative pathway. The construction of specific knockout mutants of the genes of the two pathways is necessary in order to ascertain that no other isofunctional enzymes contribute to the wild-type activities.
The clustering of the genetic elements of the two pathways may indicate the possible origins of degradative genes coding for catabolic pathways for dibenzofuran and dibenzo-p-dioxin. Hydroxyl-substituted molecules containing structural elements similar to dibenzo-p-dioxins and dibenzofurans have been produced by algae, fungi, lichens, and other organisms over millions of years (41) and therefore have been present in the environment over a long evolutionary period, whereas unsubstituted dibenzo-p-dioxin obviously has not. Thus, microbial enzyme systems for the breakdown of these hydroxylated structures possibly evolved long before anthropogenic contamination of the environment.
